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[57] ABSTRACT 

A?eld controlled bipolar sWitch having a bulk single crystal 
silicon carbide substrate of a ?rst conductivity type having 
an upper surface and a loWer surface. A ?rst epitaxial layer 
of a second conductivity type silicon carbide is formed upon 
the upper surface of the substrate. A second epitaxial layer 
of the second conductivity type silicon carbide is formed on 
the ?rst epitaxial layer of silicon carbide. A plurality of 
regions of a third conductivity type silicon carbide are 
formed in the second epitaxial layer to form a gate grid in the 
second epitaxial layer. A third epitaxial layer of the second 
conductivity type silicon carbide is formed on the second 
epitaxial layer and a fourth epitaxial layer of the second 
conductivity type silicon carbide is formed upon the third 
epitaxial layer. The fourth epitaxial layer has a higher carrier 
concentration than is present in the ?rst, second and third 
epitaxial layers. A ?rst ohmic contact is formed upon the 
fourth epitaxial layer and a second ohmic contact is formed 
on the loWer surface of the substrate. An ohmic gate contact 
is connected to the gate grid for pinching off the How of 
current betWeen the ?rst ohmic contact and the second 
ohmic contact When a bias is applied to the ohmic gate 
contact. 

64 Claims, 12 Drawing Sheets 
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Figure 1A 
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Figure 1B 
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Figure 2A 
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Figure 2B 
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Figure 3 
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SILICON CARBIDE FIELD CONTROLLED 
BIPOLAR SWITCH 

FIELD OF THE INVENTION 

The present invention relates to ?eld controlled devices, 
and more particularly to such devices formed in silicon 
carbide. 

BACKGROUND OF THE INVENTION 

As demands for higher speed, higher poWer circuits 
increase, the need for devices having faster sWitching 
speeds, higher current carrying capability and increased 
reverse bias breakdown voltages has also increased. Appli 
cations such as poWer modules for motor and generator 
control, electronic ballasts for lighting control, industrial 
robots, display drivers, automotive ignition and automation 
control Would all bene?t from higher poWer, higher speed 
sWitches. Unfortunately, existing implementations of higher 
speed poWer MOSFETs, IGBTs or MOS controlled thyris 
tors have had limited success in creating devices With very 
high reverse bias breakdoWn voltage, a loW leakage current, 
loW forWard on-state resistance and a high sWitching speed. 
Field controlled thyristors have been investigated as high 
poWer devices but these devices Were limited in their 
sWitching speeds. Further development is required to pro 
duce a high poWer, high current device With high sWitching 
speeds. 

The ?eld controlled bipolar sWitch is a three terminal 
device Where a P-i-N recti?er structure has a gate structure 
introduced to control the current ?oW betWeen the anode and 
cathode terminals. Because these devices can operate under 
a high level of injected minority carriers in the drift region, 
?eld controlled thyristors operate at very high current den 
sities With a loW forWard voltage drop. Unfortunately, 
because of the high level of injected minority carriers, ?eld 
controlled thyristors Were incapable of operating at high 
frequencies. In fact, the stored minority carriers in the drift 
region has limited the sWitching speed of previous devices 
to beloW 1 MhZ. In fact, the typical forced gate turn off times 
for existing ?eld controlled thyristors are betWeen 1 to 20 
psecs depending upon the designed breakdoWn voltage of 
the device and gating techniques. Baliga, B. J., Modern 
Power Devices, 1987, pp. 196—260. 

Recently issued US. Pat. No. 5,387,805 to MetZler et al. 
describes a ?eld controlled thyristor Where the current path 
from the anode to the cathode passes through a channel 
region adjacent a void in the channel layer. The device 
pinches off the current through utiliZation of p-type regions 
Which surround the void. This device, hoWever, is limited to 
current densities beloW 400 A/cm2 and has a voltage block 
ing gain of 150 and is limited to gate voltages of 2 to 10 
volts. Thus, the maximum theoretical anode voltage attain 
able by the device Would be 1500 volts. MetZler et al. also 
describes various other patents Which relate to ?eld con 
trolled devices. HoWever, as described by MetZler et al., 
none of these patents describe devices having the charac 
teristics of the devices of the present invention. 

For example, US. Pat. No. 4,937,644 to Baliga describes 
an asymmetrical ?eld controlled thyristor. The Baliga patent 
describes a device Which has a DC blocking gain of greater 
than 60 and claims improved sWitching speed but provides 
no data on the sWitching speed of the device. This device is 
limited to forWard blocking voltages of up to about 2000 
volts. 

Therefore, there remains a need to develop high perfor 
mance ?eld controlled devices Which exhibit higher break 
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2 
doWn voltages, loW on state resistance, higher current capa 
bilities and higher sWitching speeds. 

OBJECT AND SUMMARY OF THE INVENTION 

In vieW of the foregoing, it is one object of the present 
invention to provide a ?eld controlled device With higher 
current density capabilities than existing devices. It is 
another object of the present invention to provide a ?eld 
controlled device With higher breakdoWn voltages than 
previous devices. It is yet another object of the present 
invention to provide a ?eld controlled device With improved 
sWitching speeds over previous ?eld controlled devices. 

In vieW of these objects, one embodiment of the ?eld 
controlled bipolar sWitch of the present invention includes a 
bulk single crystal silicon carbide substrate of a ?rst con 
ductivity type having an upper surface and a loWer surface. 
A ?rst epitaxial layer of a second conductivity type silicon 
carbide is formed upon the upper surface of the substrate. A 
second epitaxial layer of the second conductivity type sili 
con carbide is formed on the ?rst epitaxial layer of silicon 
carbide. A plurality of regions of a third conductivity type 
silicon carbide are formed in the second epitaxial layer to 
form a gate grid in the second epitaxial layer. A third 
epitaxial layer of the second conductivity type silicon car 
bide is formed on the second epitaxial layer and a fourth 
epitaxial layer of the second conductivity type silicon car 
bide is formed upon the third epitaxial layer. The fourth 
epitaxial layer has a higher doping concentration than is 
present in the ?rst, second and third epitaxial layers. A ?rst 
ohmic contact is formed upon the fourth epitaxial layer and 
a second ohmic contact is formed on the loWer surface of the 
substrate. An ohmic gate contact is connected to the gate 
grid for pinching off the How of current betWeen the ?rst 
ohmic contact and the second ohmic contact When a bias is 
applied to the ohmic gate contact. 

In an alternative embodiment of the present invention, the 
second epitaxial layer has a loWer carrier concentration than 
the ?rst epitaxial layer. In another alternative embodiment 
the third epitaxial layer and the ?rst epitaxial layer have 
substantially the same carrier concentration. In yet another 
embodiment the third epitaxial layer and the second epi 
taxial layer have substantially the same carrier concentra 
tion. 

In another embodiment of the present invention, the ?eld 
controlled thyristor further comprises a ?fth epitaxial layer 
of a fourth conductivity type formed on the upper surface of 
the substrate and disposed betWeen the substrate and the ?rst 
epitaxial layer Where the ?rst epitaxial layer is formed on the 
?fth epitaxial layer. 

In a particular embodiment of the ?eld controlled bipolar 
sWitch of the present invention, the ?rst conductivity type 
and the third conductivity type are p-type conductivity and 
the second conductivity type is n-type conductivity. In such 
an embodiment, the ?rst ohmic contact is a cathode contact 
and the second ohmic contact is an anode contact. 

In another embodiment of the present invention, the ?rst 
conductivity type and the third conductivity type are n-type 
conductivity. The second conductivity type is then p-type 
conductivity. In such an embodiment the ?rst ohmic contact 
is an anode contact and the second ohmic contact is a 
cathode contact. 

In an embodiment of the present invention incorporating 
a tunnel diode, the ?rst and second conductivity types are 
n-type conductivity and the third and fourth conductivity 
types are p-type conductivity. In such a device the ?rst 
ohmic contact is a cathode contact and the second ohmic 
contact is an anode contact. 
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In a further aspect of the present invention, the substrate 
and the ?rst, second, third and fourth epitaxial layers form 
a mesa having sidewalls Which de?ne the periphery of the 
thyristor. The sideWalls of the mesa may extend doWnWard 
into the substrate. 

In an embodiment of the present invention having sinker 
anode contacts, regions of the ?rst conductivity type silicon 
carbide are formed in the substrate at the base of the mesa. 
Ohmic contacts electrically connected to the second ohmic 
contact are then formed on the regions of the ?rst conduc 
tivity type silicon carbide. 

In an alternative mesa embodiment of the present 
invention, the ?rst, second, third, fourth and ?fth epitaxial 
layers form a mesa. The sideWalls of the mesa de?ne the 
periphery of the thyristor. The sideWalls of the mesa extend 
doWnWard through the ?rst, second, third and fourth epi 
taxial layers and into the ?fth epitaxial layer. Optionally, 
ohmic contacts electrically connected to the second ohmic 
contact may be formed on the ?fth epitaxial layer at the base 
of the sideWalls of the mesa. 

An alternative embodiment of the present invention may 
also include an insulating layer formed on the sideWalls of 
the mesa to passivate the sideWalls. Additional embodiments 
may also be made of 4H polytype silicon carbide. 

In a further alternate embodiment of the bipolar sWitch of 
the present invention, a plurality of trenches are formed in 
the third and the fourth epitaxial layers. The plurality of 
regions of the third conductivity type silicon carbide formed 
in the second epitaxial layer are at the bottom of the plurality 
of trenches. The ohmic gate contact is then formed on the 
third conductivity type silicon carbide formed in the 
trenches. The How of current betWeen said ?rst ohmic 
contact and said second ohmic contact is thereby pinched off 
When a bias is applied to the ohmic gate contact. 

In a further embodiment of the present invention, the gate 
grid comprises a plurality of connected interdigited ?ngers. 
Optionally, the ohmic gate contact comprises a plurality of 
interdigited ?ngers formed on the interdigited ?ngers of the 
gate grid such that the ?ngers of the ohmic gate contact are 
substantially parallel to the ?ngers of the gate grid. In such 
a case, the ?rst ohmic contact may comprise a plurality of 
interdigited ?ngers formed on the fourth epitaxial layer and 
interspersed betWeen the ?ngers of the ohmic gate contact. 

In an alternative embodiment of the present invention, a 
high voltage, high current ?eld control bipolar sWitch 
includes a bulk single crystal silicon carbide substrate of a 
?rst conductivity type having an upper surface and a loWer 
surface. A ?rst epitaxial layer of a second conductivity type 
silicon carbide is formed upon the upper surface of the 
substrate. Aplurality of regions of a third conductivity type 
silicon carbide are formed in the ?rst epitaxial layer to form 
a gate grid in the ?rst epitaxial layer. Asecond epitaxial layer 
of the second conductivity type silicon carbide is formed on 
said the epitaxial layer of silicon carbide. A third epitaxial 
layer of the second conductivity type silicon carbide upon 
the second epitaxial layer, The third epitaxial layer has a 
higher carrier concentration than is present in the ?rst 
epitaxial layer. A ?rst ohmic contact is formed on the third 
epitaxial layer and a second ohmic contact is formed on the 
loWer surface of the substrate. An ohmic gate contact 
connected to the gate grid alloWs for pinching off the How 
of current betWeen the ?rst ohmic contact and the second 
ohmic contact When a bias is applied to the ohmic gate 
contact. 

Afurther embodiment of the present invention provides a 
?eld controlled bipolar sWitch Wherein the second epitaxial 
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4 
layer and the ?rst epitaxial layer have approximately the 
same carrier concentration. 

A further embodiment of the present invention, a fourth 
epitaxial layer of a fourth conductivity type is provided. The 
fourth epitaxial layer is formed on the upper surface of the 
substrate and disposed betWeen the substrate and the ?rst 
epitaxial layer. The ?rst epitaxial layer is, therefore, formed 
on the fourth epitaxial layer. 

In a particular embodiment of the present invention the 
?rst conductivity type and the third conductivity type are 
p-type conductivity and the second conductivity type is 
n-type conductivity. In such a case the ?rst ohmic contact is 
a cathode contact and the second ohmic contact is an anode 
contact. In a further embodiment of the present invention the 
?rst conductivity type and the third conductivity type are 
n-type conductivity and the second conductivity type is 
p-type conductivity. In such a case the ?rst ohmic contact is 
an anode contact and the second ohmic contact is a cathode 
contact. In another alternative embodiment of the present 
invention the ?rst and second conductivity types are n-type 
conductivity and the third and fourth conductivity types are 
p-type conductivity. In such a case the ?rst ohmic contact is 
a cathode contact and the second ohmic contact is an anode 
contact. 

In a further aspect of the present invention, the substrate 
and the ?rst, second, and third epitaxial layers form a mesa 
having sideWalls Which de?ne the periphery of the thyristor. 
The sideWalls of the mesa extend doWnWard into the sub 
strate. In a further aspect of the present invention having a 
mesa, regions of the ?rst conductivity type silicon carbide 
are formed in the substrate at the base of the mesa. Ohmic 
contacts electrically connected to the second ohmic contact 
are formed on the regions of the ?rst conductivity type 
silicon carbide to provide sinker contacts for the device. 

In an embodiment of the present invention having the 
optional fourth epitaxial layer, the ?rst, second, third and 
fourth epitaxial layers form a mesa having sideWalls Which 
de?ne the periphery of the thyristor. The sideWalls of the 
mesa extend doWnWard through the ?rst, second and third 
epitaxial layers and to or into the fourth epitaxial layer. In a 
further aspect of such a device, ohmic contacts electrically 
connected to the second ohmic contact are formed on the 
fourth epitaxial layer at the base of said sideWalls of the 
mesa to provide sinker contacts for the device. 

In devices having a mesa, an alternative embodiment 
includes an insulating layer formed on the sideWalls of the 
mesa to passivate the sideWalls. 
An alternative embodiment of the present invention fur 

ther includes a plurality of trenches formed in the second and 
the third epitaxial layers. The plurality of regions of the third 
conductivity type silicon carbide are formed in the ?rst 
epitaxial layer at the bottom of the plurality of trenches. The 
ohmic gate contact then comprises an ohmic gate contact 
formed on the third conductivity type silicon carbide formed 
in the trenches. 

In an alternative embodiment, the gate grid comprises a 
plurality of connected interdigited ?ngers. In a further 
embodiment, the ohmic gate contact comprises a plurality of 
interdigited ?ngers formed on the interdigited ?ngers of the 
gate grid such that the ?ngers of the ohmic gate contact are 
substantially parallel to the ?ngers of the gate grid. In such 
a case, the ?rst ohmic contact comprises a plurality of 
interdigited ?ngers formed on the third epitaxial layer and 
interspersed betWeen the ?ngers of the ohmic gate contact. 
An additional alternative embodiment of the present 

invention provides a high voltage, high current ?eld control 
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bipolar switch Which includes a bulk single crystal silicon 
carbide substrate of a ?rst conductivity type having an upper 
surface and a loWer surface. A ?rst epitaxial layer of a 
second conductivity type silicon carbide is formed upon the 
upper surface of the substrate. Asecond epitaxial layer of the 
second conductivity type silicon carbide is formed upon the 
?rst epitaxial layer. The second epitaxial layer has a higher 
carrier concentration than is present in the ?rst epitaxial 
layer. Aplurality of trenches are formed through the second 
epitaxial layer and into the ?rst epitaxial layer. Aplurality of 
regions of a third conductivity type silicon carbide are 
formed in the ?rst epitaxial layer at the bottom of the 
plurality of trenches to form a gate grid in the ?rst epitaxial 
layer. A ?rst ohmic contact is formed upon the second 
epitaxial layer and a second ohmic contact is formed on the 
loWer surface of the substrate. An ohmic gate contact is 
formed on the third conductivity type silicon carbide regions 
in the trenches for pinching off the How of current betWeen 
the ?rst ohmic contact and the second ohmic contact When 
a bias is applied to the ohmic gate contact. 

Afurther embodiment of the present invention includes a 
third epitaxial layer of a fourth conductivity type silicon 
carbide formed on the upper surface of the substrate and 
disposed betWeen the substrate and the ?rst epitaxial layer. 
The ?rst epitaxial layer is formed on the third epitaxial layer. 

In alternative embodiments of the present invention, the 
?rst and third conductivity types are p-type conductivity and 
the second conductivity type is n-type conductivity. Then the 
?rst ohmic contact is a cathode contact and the second ohmic 
contact is an anode contact. Alternatively, the ?rst and third 
conductivity types are n-type conductivity and the second 
conductivity type is p-type conductivity. Then the ?rst 
ohmic contact is an anode contact and the second ohmic 
contact is a cathode contact. In a tunnel diode alternative 
embodiment, the ?rst and second conductivity types are 
n-type conductivity and the third and fourth conductivity 
types are p-type conductivity. Then the ?rst ohmic contact is 
a cathode contact and the second ohmic contact is an anode 
contact. 

In a mesa embodiment of the present invention, the 
substrate and the ?rst and second epitaxial layers form a 
mesa having sideWalls Which de?ne the periphery of said 
transistor. The sideWalls of the mesa extend doWnWard into 
the substrate. In a further aspect of the mesa device, an 
insulating layer is formed on the sideWalls of the mesa to 
passivate the sideWalls. 

In a further aspect of the present invention, the gate grid 
comprises a plurality of connected interdigited ?ngers. In an 
additional interdigited structure of the present invention, the 
ohmic gate contact comprises a plurality of interdigited 
?ngers formed on the interdigited ?ngers of the gate grid 
such that the ?ngers of the ohmic gate contact are substan 
tially parallel to the ?ngers of the gate grid. The ?rst ohmic 
contact then comprises a plurality of interdigited ?ngers 
formed on the second epitaxial layer and interspersed 
betWeen the ?ngers of the ohmic gate contact. 

The foregoing and other objects, advantages and features 
of the invention, and the manner in Which the same are 
accomplished, Will become more readily apparent upon 
consideration of the folloWing detailed description of the 
invention taken in conjunction With the accompanying 
draWings, Which illustrate preferred and exemplary 
embodiments, and Wherein: 

DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a cross-sectional vieW of one embodiment of 
the present invention having a buried gate grid; 
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6 
FIG. 1B is a cross-sectional vieW of an embodiment of the 

present invention having a buried gate grid and an optional 
silicon carbide epitaxial layer; 

FIG. 2A is a cross-sectional vieW of a second embodiment 
of the present invention a gate grid formed in trenches; 

FIG. 2B is a cross-sectional vieW of an embodiment of the 
present invention having a gate grid formed in trenches and 
an optional silicon carbide epitaxial layer; 

FIG. 3 is a cross-sectional vieW of a third embodiment of 
the present invention having anode sinker contacts and a 
buried gate grid; 

FIG. 4 is a cross-sectional vieW of a fourth embodiment 
of the present invention having anode sinker contacts and a 
gate grid formed in trenches; 

FIG. 5 is a cross-sectional vieW of a ?fth embodiment of 
the present invention having a buried gate grid and a tunnel 
diode; 

FIG. 6 is a cross-sectional vieW of a sixth embodiment of 
the present invention having a tunnel diode and a gate grid 
formed in trenches; 

FIG. 7 is a cross-sectional vieW of a seventh embodiment 
of the present invention having a gate grid formed in 
trenches; 

FIG. 8 is a cross-sectional vieW of an eighth embodiment 
of the present invention having a gate grid formed in 
trenches; 

FIG. 9 is plan vieW of an embodiment of the present 
invention having a buried gate grid; and 

FIG. 10 is a plan vieW of an alternative embodiment of the 
present invention having a gate formed in trenches. 

DETAILED DESCRIPTION 

The present invention noW Will be described more fully 
hereinafter With reference to the accompanying draWings, in 
Which preferred embodiments of the invention are shoWn. 
This invention may, hoWever, be embodied in many different 
forms and should not be construed as limited to the embodi 
ments set forth herein; rather, these embodiments are pro 
vided so that this disclosure Will be thorough and complete, 
and Will fully convey the scope of the invention to those 
skilled in the art. Like numbers refer to like elements 
throughout. 

FIG. 1A illustrates a ?rst embodiment of the high voltage, 
high current ?eld controlled bipolar sWitch of the present 
invention. As seen in FIG. 1A, a bulk single crystal silicon 
carbide substrate 10 of a ?rst conductivity type having an 
upper surface and a loWer surface has a ?rst epitaxial layer 
20 of silicon carbide of a second conductivity type formed 
on the upper surface of the substrate 10. A second epitaxial 
layer 22 of silicon carbide of the second conductivity type is 
formed on the ?rst epitaxial layer 20. Formed Within the 
second epitaxial layer 22 are a plurality of regions of a third 
conductivity type silicon carbide Which form a gate grid 30 
in the second epitaxial layer 22. A third epitaxial layer 24 of 
the second conductivity type silicon carbide is formed on the 
second epitaxial layer 22. As is also shoWn in FIG. 1A, a 
fourth epitaxial layer 26 of the second conductivity type 
silicon carbide is formed on the third epitaxial layer 24. This 
fourth epitaxial layer 26 has a higher carrier concentration 
than is present in either the ?rst epitaxial layer 20, the second 
epitaxial layer 22 or the third epitaxial layer 24. 
A ?rst ohmic contact 42 is formed upon the fourth 

epitaxial layer and may be either a cathode or an anode 
contact depending on the conductivity type of the substrate 
and epitaxial layers. Asecond ohmic contact 40 is formed on 
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the lower surface of the substrate 10 and also may be either 
a cathode or an anode. An ohmic gate contact is formed in 
a third dimension and is illustrated in FIG. 9 as gate contact 
46. This ohmic gate contact 46 is formed to contact the 
plurality of regions 30 formed in the second epitaxial layer 
22 so as to pinch off the How of current betWeen the ?rst 
ohmic contact 42 and the second ohmic contact 40 When a 
bias is applied to the ohmic gate contact 46. 

As seen in FIG. 1A, the epitaxial structure is optionally 
formed into a mesa 36 having sideWalls 37 Which de?ne the 
periphery of the bipolar sWitch. The sideWalls 37 preferably 
extend through each of the epitaxial layers and into the 
substrate 10. Optionally, an insulating layer 38 is formed on 
the sideWalls of the mesa to passivate the sideWalls and may 
extend onto the exposed areas of silicon carbide of the upper 
surface of the mesa such as to the ?rst ohmic contact 42 and 
onto the base of the mesa at the substrate 10. 

FIG. 1B illustrates an alternative embodiment of the 
buried gate ?eld controlled thyristor of the present inven 
tion. FIG. 1B illustrates an optional ?fth epitaxial layer 12 
of a fourth conductivity type. The ?fth epitaxial layer 12 is 
formed on the upper surface of the substrate 10 and disposed 
betWeen the substrate 10 and the ?rst epitaxial layer 20. The 
?rst epitaxial layer 20 is, therefore, formed on the ?fth 
epitaxial layer 12. 

FIG. 1B also illustrates the epitaxial structure optionally 
formed into a mesa 36 having sideWalls 37 Which de?ne the 
periphery of the bipolar sWitch. The sideWalls 37 preferably 
extend through each of the epitaxial layers and into the 
substrate 10. Alternatively, the sideWalls 37 of the mesa 36 
can extend through the ?rst, second, third and fourth epi 
taxial layers 20, 22, 24, and 26 and to or into the ?fth 
epitaxial layer 12. The insulating layer 38 may then be 
formed on the sideWalls of the mesa to passivate the side 
Walls and may extend onto the upper surface of the mesa to 
the ?rst ohmic contact 42 and onto the base of the mesa at 
the ?fth epitaxial layer 12. 

The bipolar sWitch of FIG. 1A may be formed having a 
p-type conductivity substrate or utiliZing an n-type conduc 
tivity substrate. In the instance Where the substrate 10 is 
formed of p-type conductivity silicon carbide, the ?rst 
conductivity type and the third conductivity type are then 
p-type silicon carbide. The second conductivity type silicon 
carbide Would be n-type silicon carbide. In such an instance, 
the ?rst epitaxial layer 20, the second epitaxial layer 22, the 
third epitaxial layer 24 and the fourth epitaxial layer 26 
Would be n-type conductivity silicon carbide and the sub 
strate 10 and the plurality of regions of the gate grid 30 
forming the buried gate Would by p-type conductivity silicon 
carbide. In such a p-n ?eld controlled bipolar sWitch, the 
second ohmic contact 40 Would be the anode contact and the 
?rst ohmic contact 42 Would be the cathode contact. 

In this embodiment, the gate grid 30 Which forms the 
buried gate of the ?eld controlled bipolar sWitch and the 
substrate 10 are preferably formed of p+ type conductivity 
silicon carbide. As used herein, “n"” or “p” refer to regions 
that are de?ned by higher carrier concentration than are 
present in adjacent or other regions of the same or another 
epitaxial layer or substrate. The ?rst epitaxial layer 20 is 
preferably formed of n- silicon carbide and the fourth 
epitaxial layer 26 is preferably formed of n+ silicon carbide. 
The second epitaxial layer 22 may be formed of lightly 
doped or n' silicon carbide Which preferably has an even 
loWer carrier concentration than the ?rst epitaxial layer 20. 
Thus, the plurality of regions of the gate grid 30 Which forms 
the buried gate are preferably formed in the epitaxial layer 
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having the loWest carrier concentration. The third epitaxial 
layer 24 may have substantially the same carrier concentra 
tion as the ?rst epitaxial layer 20 or may have substantially 
the same carrier concentration as the second epitaxial layer 
22. 

For the device of FIG. 1B the optional ?fth epitaxial layer 
12 of a fourth conductivity type may be p-type conductivity 
silicon carbide such as highly doped p”+ silicon carbide. 
Alternatively, a tunnel diode structure may be achieved 
through utiliZation of the device of FIG. 1B by making the 
?rst conductivity type n-type conductivity silicon carbide 
such as n+ silicon carbide. In such a device, the substrate 10 
and the ?fth epitaxial layer 12 form a tunnel diode. This 
embodiment of the present invention is illustrated in FIG. 5. 
The complementary devices to those described above may 

also be formed by use of an n-type substrate. For the 
complementary device, the ?rst conductivity type and the 
third conductivity type are n-type silicon carbide. The sec 
ond conductivity type silicon carbide Would be p-type 
silicon carbide. Thus, in the complementary device, the ?rst 
epitaxial layer 20, the second epitaxial layer 22, the third 
epitaxial layer 24 and the fourth epitaxial layer 26 Would be 
p-type conductivity silicon carbide and the substrate 10 and 
the plurality of regions of the gate grid 30 forming the buried 
gate Would by n-type conductivity silicon carbide. In this 
complementary device, the second ohmic contact 40 Would 
be the cathode contact and the ?rst ohmic contact 42 Would 
be the anode contact. 

In this complementary embodiment, the plurality of 
regions of the gate grid 30 Which forms the buried gate of the 
?eld controlled bipolar sWitch and the substrate 10 are 
preferably formed of n+ type conductivity silicon carbide. 
The ?rst epitaxial layer 20 is preferably formed of p- silicon 
carbide and the fourth epitaxial layer 26 is preferably formed 
of p+ silicon carbide. The second epitaxial layer 22 may be 
formed of lightly doped or p' silicon carbide but preferably 
has an loWer carrier concentration than the ?rst epitaxial 
layer 20. Thus, the plurality of regions of the gate grid 30 
Which forms the buried gate are preferably formed in the 
epitaxial layer having the loWest carrier concentration. The 
third epitaxial layer 24 may have substantially the same 
carrier concentration as the ?rst epitaxial layer 20 or may 
have substantially the same carrier concentration as the 
second epitaxial layer 22. 

For the complementary device of FIG. 1B the optional 
?fth epitaxial layer 12 of a fourth conductivity type may be 
n-type conductivity silicon carbide such as highly doped n+ 
silicon carbide. 

FIG. 2A illustrates another embodiment of the high 
voltage, high current ?eld controlled bipolar sWitch of the 
present invention. As seen in FIG. 2A, a bulk single crystal 
silicon carbide substrate 50 of a ?rst conductivity type 
having an upper surface and a loWer surface has a ?rst 
epitaxial layer 60 of silicon carbide of a second conductivity 
type formed on the upper surface of the substrate 50. The 
second epitaxial layer 62 of silicon carbide of the second 
conductivity type is formed on the ?rst epitaxial layer 60. A 
third epitaxial layer 64 of the second conductivity type 
silicon carbide is formed on the second epitaxial layer 62. As 
is also shoWn in FIG. 2A, a fourth epitaxial layer 66 of the 
second conductivity type silicon carbide is formed on the 
third epitaxial layer 64. This fourth epitaxial layer 66 has a 
higher carrier concentration than is present in the ?rst 
epitaxial layer 60, the second epitaxial layer 62 or the third 
epitaxial layer 64. A plurality of trenches 74 are formed in 
the third and fourth epitaxial layers 64 and 66. Aplurality of 
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regions of a third conductivity type silicon carbide Which 
form a gate grid 70 in the second epitaxial layer 62 are 
formed at the bottom of the plurality of trenches 74. 

As seen in FIG. 2A, the ?rst ohmic contact 82 is formed 
upon the fourth epitaxial layer and may be either a cathode 
or an anode contact. Asecond ohmic contact 80 is formed on 
the loWer surface of the substrate 50 and also may be either 
a cathode or an anode. An ohmic gate contact is formed as 
a gate contact 84. The ohmic gate contact 84 is formed on 
the plurality of regions of the gate grid 70 formed in the 
bottom of the trenches 74. This ohmic gate contact 84 is 
formed to contact the plurality of regions of the gate grid 70 
formed in the second epitaxial layer 62 so as to pinch off the 
How of current betWeen the ?rst ohmic contact 82 and the 
second ohmic contact 80 When a bias is applied to the ohmic 
gate contact 84. 

Also shoWn in FIG. 2A the epitaxial structure is optionally 
formed into a mesa 76 having sideWalls 77 Which de?ne the 
periphery of the bipolar sWitch. The sideWalls 77 preferably 
extend through each of the epitaxial layers and into the 
substrate 50. Optionally, an insulating layer 78 is formed on 
the sideWalls of the mesa to passivate the sideWalls and may 
extend onto the exposed areas of silicon carbide of the upper 
surface of the mesa such as to the ?rst ohmic contact 82 and 
onto the exposed areas of silicon carbide at the base of the 
mesa at the substrate 50. 

FIG. 2B illustrates an alternative embodiment of the 
buried gate ?eld controlled bipolar sWitch of the present 
invention. FIG. 2B illustrates an optional ?fth epitaxial layer 
52 of a fourth conductivity type. The ?fth epitaxial layer 52 
is formed on the upper surface of the substrate 50 and 
disposed betWeen the substrate 50 and the ?rst epitaxial 
layer 60. The ?rst epitaxial layer 60 is, therefore, formed on 
the ?fth epitaxial layer 52. 

FIG. 2B also illustrates the epitaxial structure optionally 
formed into a mesa 76 having sideWalls 77 Which de?ne the 
periphery of the bipolar sWitch. The sideWalls 77 preferably 
extend through each of the epitaxial layers and into the 
substrate 50. Alternatively, the sideWalls 77 of the mesa 76 
can extend through the ?rst, second, third and fourth epi 
taxial layers 60, 62, 64, and 66 and to or into the ?fth 
epitaxial layer 52. The insulating layer 78 may then be 
formed on the sideWalls of the mesa to passivate the side 
Walls and may extend onto the upper surface of the mesa and 
onto the base of the mesa. 

The bipolar sWitch of FIG. 2A may be formed having a 
p-type conductivity substrate or utiliZing an n-type conduc 
tivity substrate. In the instance Where the substrate 50 is 
formed of p-type conductivity silicon carbide, the ?rst 
conductivity type and the third conductivity type are then 
p-type silicon carbide. The second conductivity type silicon 
carbide Would be n-type silicon carbide. In such an instance, 
the ?rst epitaxial layer 60, the second epitaxial layer 62, the 
third epitaxial layer 64 and the fourth epitaxial layer 66 
Would be n-type conductivity silicon carbide and the sub 
strate 50 and the plurality of regions 70 forming the buried 
gate Would by p-type conductivity silicon carbide. In such a 
p-n ?eld controlled bipolar sWitch, the second ohmic contact 
80 Would be the anode contact and the ?rst ohmic contact 82 
Would be the cathode contact. 

In such a p-type substrate embodiment, the plurality of 
regions of the gate grid 70 Which form the buried gate of the 
?eld controlled bipolar sWitch and the substrate 50 are 
preferably formed of p+ silicon carbide. The ?rst epitaxial 
layer 60 is preferably formed of n- silicon carbide and the 
fourth epitaxial layer 66 is preferably formed of n+ silicon 
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carbide. The second epitaxial layer 62 may be formed of 
lightly doped or n- silicon carbide but preferably has an even 
loWer carrier concentration than the ?rst epitaxial layer 60. 
Thus, the plurality of regions 70 Which form the buried gate 
are preferably formed in the epitaxial layer having the 
loWest carrier concentration. The third epitaxial layer 64 
may have substantially the same carrier concentration as the 
?rst epitaxial layer 60 or may have substantially the same 
carrier concentration as the second epitaxial layer 62. 

For the device of FIG. 2B the optional ?fth epitaxial layer 
52 of a fourth conductivity type may be p-type conductivity 
silicon carbide such as highly doped p+ silicon carbide. 
Alternatively, a tunnel diode structure may be achieved 
through utiliZation of the device of FIG. 2B by making the 
?rst conductivity type n-type conductivity silicon carbide 
such as n+ silicon carbide. Thus, the substrate 50 and the ?fth 
epitaxial layer 52 form a tunnel diode. This embodiment of 
the present invention is illustrated in FIG. 6. 

Complementary devices may also be formed on an n-type 
substrate. For the complementary devices, the ?rst conduc 
tivity type and the third conductivity type are n-type silicon 
carbide. The second conductivity type silicon carbide Would 
be p-type silicon carbide. Thus, in the complementary 
device, the ?rst epitaxial layer 60, the second epitaxial layer 
62, the third epitaxial layer 64 and the fourth epitaxial layer 
66 Would be p-type conductivity silicon carbide and the 
substrate 50 and the plurality of regions 70 forming the 
buried gate Would by n-type conductivity silicon carbide. In 
this complementary device, the second ohmic contact 80 
Would be the cathode contact and the ?rst ohmic contact 82 
Would be the anode contact. 

In the complementary embodiment of the device of FIG. 
2A, the plurality of regions 70 Which form the buried gate 
of the ?eld controlled bipolar sWitch and the substrate 50 are 
preferably formed of n+ type conductivity silicon carbide. 
The ?rst epitaxial layer 60 is preferably formed of p- silicon 
carbide and the fourth epitaxial layer 66 is preferably formed 
of p+ silicon carbide. The second epitaxial layer 62 may be 
formed of lightly doped or p- silicon carbide but preferably 
has a loWer carrier concentration than the ?rst epitaxial layer 
60. Thus, the plurality of regions 70 Which form the buried 
gate are preferably formed in the epitaxial layer having the 
loWest carrier concentration. The third epitaxial layer 64 
may have substantially the same carrier concentration as the 
?rst epitaxial layer 60 or may have substantially the same 
carrier concentration as the second epitaxial layer 62. 

For the complementary device of FIG. 2B the optional 
?fth epitaxial layer 52 of a fourth conductivity type may be 
n-type conductivity silicon carbide such as highly doped n+ 
silicon carbide. 

FIG. 3 illustrates an additional embodiment of the present 
invention having a sinker contact. As seen in FIG. 3, the 
device of FIG. 1A has regions 11 of the ?rst conductivity 
type silicon carbide formed in the substrate 10 at the base of 
the mesa 36. Formed on the regions 11 of the ?rst conduc 
tivity type silicon carbide are ohmic contacts 48 Which are 
electrically connected to the second ohmic contact 40. The 
device of FIG. 3 may be produced in each of the various 
combinations of conductivity types described for the device 
of FIG. 1A. The regions 11 are formed of the same conduc 
tivity type as the substrate 10 and have a high carrier 
concentration. Thus, for example With a p-type substrate, 
regions 11 Would be p+ silicon carbide and With an n-type 
conductivity substrate the regions 11 Would be n+ silicon 
carbide. 
A sinker contact may also be formed With a device having 

the optional ?fth epitaxial layer 12 of FIG. 1B. In such a 
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case, the mesa is formed as described above and extends to 
or into the ?fth epitaxial layer 12 but does not extend into the 
substrate 10. Ohmic contacts Would then be formed on the 
?fth epitaxial layer 12 at the base of the sideWalls 37 of the 
mesa 36. 

FIG. 4 illustrates an additional embodiment of the present 
invention having a sinker contact. As seen in FIG. 4, the 
device of FIG. 2A has regions 51 of the ?rst conductivity 
type silicon carbide formed in the substrate 50 at the base of 
the mesa 76. Formed on the regions 51 of the ?rst conduc 
tivity type silicon carbide are ohmic contacts 88 Which are 
electrically connected to the second ohmic contact 80. The 
device of FIG. 4 may be produced in each of the various 
combinations of conductivity types described for the device 
of FIG. 2A. The regions 51 are formed of the same con 
ductivity type as the substrate 50 and have a high carrier 
concentration. Thus, for example With a p-type substrate, 
regions 51 Would be p+ silicon carbide and With an n-type 
conductivity substrate the regions 51 Would be n+ silicon 
carbide. 

Asinker contact may also be formed With a device having 
the optional ?fth epitaxial layer 52 of FIG. 2B. In such a 
case, the mesa is formed as described above and extends to 
or into the ?fth epitaxial layer 52 but does not extend into the 
substrate 50. Ohmic contacts Would then be formed on the 
?fth epitaxial layer 52 at the base of the sideWalls 77 of the 
mesa 76. 

FIG. 7 illustrates another embodiment of the present 
invention. As seen in FIG. 7, as With the device of FIG. 2A 
a bulk single crystal silicon carbide substrate 150 of a ?rst 
conductivity type having an upper surface and a loWer 
surface has a ?rst epitaxial layer 164 of silicon carbide of a 
second conductivity type formed on the upper surface of the 
substrate 150. As is also shoWn in FIG. 7, a second epitaxial 
layer 166 of the second conductivity type silicon carbide is 
formed on the ?rst epitaxial layer 164. This second epitaxial 
layer 166 has a higher carrier concentration than is present 
in the ?rst epitaxial layer 164. Aplurality of trenches 174 are 
formed in the ?rst and second epitaxial layers 164 and 166. 
A plurality of regions of a third conductivity type silicon 
carbide Which form a gate grid 170 in the ?rst epitaxial layer 
164 are formed at the bottom of the plurality of trenches 174. 
As seen in FIG. 7, a ?rst ohmic contact 182 is formed 

upon the second epitaxial layer 166 and may be either a 
cathode or an anode contact. A second ohmic contact 180 is 
formed on the loWer surface of the substrate 150 and also 
may be either a cathode or an anode. An ohmic contact is 
formed as a gate contact 184. The ohmic gate contact 184 is 
formed on the plurality of regions of the gate grid 170 
formed in the bottom of the trenches 174. This ohmic gate 
contact 184 is formed to contact the plurality of regions of 
the gate grid 170 formed in the ?rst epitaxial layer 164 so as 
to pinch off the How of current betWeen the ?rst ohmic 
contact 182 and the second ohmic contact 180 When a bias 
is applied to the ohmic gate contact 184 Also shoWn in FIG. 
7 the epitaxial structure is optionally formed into a mesa 176 
having sideWalls 177 Which de?ne the periphery of the 
bipolar sWitch. The sideWalls 177 preferably extend through 
each of the epitaxial layers and into the substrate 150. 
Optionally, an insulating layer 178 is formed on the side 
Walls of the mesa to passivate the sideWalls and may extend 
onto the exposed areas of silicon carbide on the upper 
surface of the mesa such as to the ?rst ohmic contact 182 and 
onto the exposed areas of silicon carbide at the base of the 
mesa at the substrate 150. 

FIG. 8 illustrates an alternative embodiment of the ?eld 
controlled bipolar sWitch of the present invention. FIG. 8 
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12 
illustrates an optional third epitaxial layer 152 of a fourth 
conductivity type. The third epitaxial layer 152 is formed on 
the upper surface of the substrate 150 and disposed betWeen 
the substrate 150 and the ?rst epitaxial layer 164. The ?rst 
epitaxial layer 164 is, therefore, formed on the third epitaxial 
layer 152. 

FIG. 8 also illustrates the epitaxial structure optionally 
formed into a mesa 176 having sideWalls 177 Which de?nes 
the periphery of the thyristor. The sideWalls 177 preferably 
extend through each of the epitaxial layers and into the 
substrate 150. Alternatively, the sideWalls 177 of the mesa 
176 can extend through the ?rst and second epitaxial layers 
164, and 166 and to or into the third epitaxial layer 152. The 
insulating layer 178 may then be formed on the sideWalls of 
the mesa to passivate the sideWalls and may extend onto the 
exposed areas of silicon carbide on the upper surface of the 
mesa such as to the ?rst ohmic contact 182 and onto the 
exposed areas of silicon carbide at the base of the mesa at the 
third epitaxial layer 152. 
The bipolar sWitch of FIG. 7 may be formed having a 

p-type conductivity substrate or utiliZing an n-type conduc 
tivity substrate. In the instance Where the substrate 150 is 
formed of p-type conductivity silicon carbide, the ?rst 
conductivity type and the third conductivity type are then 
p-type silicon carbide. The second conductivity type silicon 
carbide Would be n-type silicon carbide. In such an instance, 
the ?rst epitaxial layer 164 and the second epitaxial layer 
166 are n-type conductivity silicon carbide and the substrate 
150 and the plurality of regions 170 forming the buried gate 
are p-type conductivity silicon carbide. In such a p-n ?eld 
controlled thyristor, the second ohmic contact 180 is the 
anode contact and the ?rst ohmic contact 182 is the cathode 
contact. 

In this embodiment, the plurality of regions of the gate 
grid 170 Which form the buried gate of the ?eld controlled 
bipolar sWitch and the substrate 150 are preferably formed 
of p+ type conductivity silicon carbide. The ?rst epitaxial 
layer 164 is preferably formed of n' silicon carbide and the 
second epitaxial layer 166 is preferably formed of n+ silicon 
carbide. 

For the device of FIG. 8, the optional third epitaxial layer 
152 of a fourth conductivity type may be p-type conductivity 
silicon carbide such as highly doped p+ silicon carbide. 
Alternatively, a tunnel diode structure may be achieved 
through utiliZation of the device of FIG. 8 by making the ?rst 
conductivity type n-type conductivity silicon carbide such as 
n+ silicon carbide. In such a device, the substrate 150 and the 
third epitaxial layer 152 form a tunnel diode. 
The complementary device may also be formed on an 

n-type substrate. For the complementary device, the ?rst 
conductivity type and the third conductivity type are n-type 
silicon carbide. The second conductivity type silicon carbide 
Would then be p-type silicon carbide. Thus, in the comple 
mentary device, the ?rst epitaxial layer 164 and the second 
epitaxial layer 166 are p-type conductivity silicon carbide 
and the substrate 150 and the plurality of regions 170 
forming the buried gate are n-type conductivity silicon 
carbide. In this complementary device, the second ohmic 
contact 180 is the cathode contact and the ?rst ohmic contact 
182 is the anode contact. 

In the complementary embodiment of the device of FIG. 
8, the plurality of regions 170 Which form the buried gate of 
the ?eld controlled bipolar sWitch and the substrate 150 are 
preferably formed of n+ type conductivity silicon carbide. 
The ?rst epitaxial layer 164 is preferably formed of p 
silicon carbide and the second epitaxial layer 166 is prefer 
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ably formed of p+ silicon carbide. For the complementary 
device of FIG. 8 the optional third epitaxial layer 152 of a 
fourth conductivity type may be n-type conductivity silicon 
carbide such as n+ silicon carbide. 
Aplan vieW of the devices according to FIGS. 1A, 1B, 3 

and 5 is shoWn in FIG. 9. As seen in FIG. 9, the bipolar 
sWitch of the present invention is formed as a mesa 36 
having sideWalls 37. The buried gate grid 30, Which is 
illustrated as the hidden lines of FIG. 9, extends perpen 
dicular to the gate contact 46 Which interconnects the gate 
grid 30 to create a plurality of connected parallel ?ngers. The 
plurality of ?ngers of the gate contact 46 are formed in 
trenches Which extend doWnWard to the upper surface of the 
buried gate grid 30 to alloW contact to the buried gate grid 
30. Also shoWn in FIG. 9 is a contact pad 47 Which may be 
formed on the gate contact 46 to facilitate interconnection of 
the device according to the present invention. FIG. 9 also 
illustrates the ?rst ohmic contact 42 Which may also form a 
plurality of ?ngers. The ?ngers of the ?rst ohmic contact 42 
may be interdigited With the ?ngers of the gate contact 46. 
A contact pad 43 may also be formed on the ?rst ohmic 
contact 42 to facilitate interconnection of the device of FIG. 
9. For the device of FIG. 3, the contact 46 (not shoWn in FIG. 
9) formed at the base of the mesa 36 Would be formed 
ringing the mesa 36 shoWn in FIG. 9. 
Aplan vieW of the devices according to FIGS. 2A, 2B, 4, 

6, 7 and 8 is shoWn in FIG. 10. In FIG. 10, the element 
labelled as 76 corresponds to previously numbered elements 
76 and 176, the element labelled as 77 corresponds to 
previously numbered elements 77 and 177, the element 
labelled as 82 corresponds to previously numbered elements 
82 and 182, and the element labelled as 84 corresponds to 
previously numbered elements 84 and 184. As seen in FIG. 
10, the bipolar sWitch of the present invention is formed as 
a mesa 76, 176 having sideWalls 77, 177. The gate grid 70, 
170 extends parallel to the gate contact 84, 184 Which 
interconnects the gate grid 70, 170 to create a plurality of 
connected parallel ?ngers. The plurality of ?ngers of the 
gate contact 84, 184 are formed in the trenches 74, 174 and 
alloW contact to the gate grid 70, 170. Also shoWn in FIG. 
10 is a contact pad 85 Which may be formed on the gate 
contact 84, 184 to facilitate interconnection of the device 
according to the present invention. 

FIG. 10 also illustrates the ?rst ohmic contact 82, 182 
Which may form a plurality of ?ngers. The ?ngers of the ?rst 
ohmic contact 82, 182 may be interdigited With the ?ngers 
of the gate contact 84, 184. In such a case, the ohmic gate 
contact 84, 184 comprises a plurality of interdigited ?ngers 
formed on the interdigited ?ngers of the gate grid 70, 170 
such that the ?ngers of the ohmic gate contact 84, 184 are 
substantially parallel to the ?ngers of the gate grid. The ?rst 
ohmic contact 82, 182 Would then comprise a plurality of 
interdigited ?ngers formed on the upper most epitaxial layer 
and be interspersed betWeen the ?ngers of the ohmic gate 
contact 84, 184. Acontact pad 83 may also be formed on the 
?rst ohmic contact 82, 182 to facilitate interconnection of 
the device of FIG. 10. For the device of FIG. 4, the contact 
86 (not shoWn in FIG. 10) formed at the base of the mesa 76 
Would be formed ringing the mesa 76 shoWn in FIG. 10. 

In each of the embodiments described above, the substrate 
and epitaxial layer may be formed of silicon carbide selected 
from the group of 6H, 4H, 15R or 3C silicon carbide, 
hoWever, 4H silicon carbide is preferred for each of the 
devices described above. The preferred metals for contact to 
n-type epitaxial layers or substrates is nickel (Ni). Platinum 
or nickel are suitable for forming ohmic contacts to p-type 
epitaxial layers or substrates. Aluminum tie contacts may 
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also be used to form the ohmic contacts of the present 
invention. While these particular metals have been 
described, any other metals knoWn to those of skill in the art 
Which form ohmic contacts With silicon carbide may be 
used. 

The fabrication of the devices described above With 
respect to FIGS. 1A through 10 Will noW be described. In 
fabricating the device of FIG. 1A having a p+ substrate 10, 
a thick n' layer 20 is groWn on the p+ substrate 10 utiliZing 
an epitaxial groWth process such as that described in US. 
Pat. No. 4,912,064, the disclosure of Which is incorporated 
herein by reference as if set forth fully. The anode contact 40 
is formed on the bottom of the substrate 10 by forming an 
ohmic contact With the p+ substrate. A second n- epitaxial 
layer 22 is also epitaxially groWn on the ?rst n' epitaxial 
layer 20. This second epitaxial layer 22 may have a loWer 
carrier concentration than the ?rst epitaxial layer 20 or it 
may have the same carrier concentration as the ?rst epitaxial 
layer 20 in Which case it may be formed as a part of the ?rst 
epitaxial layer 20. In either case, a deep p+ implanted gate 
grid is then formed in the second epitaxial layer 22 by 
methods such as those described in US. Pat. No. 5,087,576, 
the disclosure of Which is incorporated herein as if set forth 
fully. After creating the p+ gate grid 30 in the second 
epitaxial layer 22, a third n' epitaxial layer 24 is epitaxially 
groWn on the second epitaxial layer 22. This third epitaxial 
layer 24 may have approximately the same carrier concen 
tration as either the ?rst epitaxial layer 20 or the second 
epitaxial layer 22 and may be created using the same 
epitaxial groWth process described above. After groWing the 
third epitaxial layer 24, a fourth epitaxial layer 26 is groWn 
on the third epitaxial layer 24 utiliZing the above epitaxial 
groWth method. This fourth epitaxial layer 26 is a highly 
doped n+ epitaxial layer Which facilitates a good top cathode 
ohmic contact. 

After groWing all of the epitaxial layers, gate contacts are 
formed by reactive ion etching through the third and fourth 
epitaxial layers 24 and 26 and to the p+ gate grid 30. For the 
buried gate grid device of FIG. 1A, the gate grid 30 is 
contacted by etching a plurality of trenches Which are 
perpendicular to the direction of the gate grid and then 
forming ohmic contacts in the bottom of these trenches. 
These trenches may be formed utiliZing the reactive ion 
etching techniques described in US. Pat. No. 4,981,551, the 
disclosure of Which is incorporated herein by reference as if 
set forth fully. After the device is etched to expose portions 
of the gate grid, ohmic contacts may be formed for the 
cathode and the gate grid Where the gate grid contacts are 
formed in the bottom of the trenches created by the etching 
process and the cathode contact 42 is formed on the fourth 
epitaxial layer 26. 
The area around the device is etched to form a mesa. The 

mesa preferably extends past the depletion region of the 
device to con?ne current How in the device to the mesa and 
reduce the capacitance of the device. If the depletion region 
of the device extends beloW the level of the mesa then it 
spreads to areas outside the mesa, resulting in larger capaci 
tance. The mesa is preferably formed by reactive ion etching 
around the above described device, hoWever other methods 
of forming knoWn to one skilled in the art may be used to 
form the mesa. After formation of the mesa, an insulating 
layer 78 of, for example, silicon dioxide, may be formed 
over the exposed surfaces of the device, including the 
sideWalls of the mesa, to passivate the device. While SiO2 is 
preferred as the insulating material, other insulating mate 
rials knoWn to those of skill in the art may be utiliZed. 
The device of FIG. 1B may be created by carrying out the 

above steps but including forming an epitaxial layer 12 of p+ 
















